phase stability to strain effects and rotation/tilt degrees of freedom.
Introduction
Bismuth ferrite (BiFeO 3 or BFO) is the most studied multiferroic due to its robust ferroelectric state (T C = 1100K) coexisting at room temperature with an antiferromagnetic order (T N =640K). [1] Such coexistence and the possible cross coupling between both ferroic orders paves the way to so-called MagnetoElectric RAM combining advantages of the ferroelectric and the antiferromagnetic state. [2] Due to its high spontaneous polarization BFO has also been considered as an alternative to lead based solid solutions for electromechanical applications. Applications in BFO thin film form and bulk are limited by the high leakage currents and chemical substitutions were used in order to improve the physical properties. [3, 4] Rare earth substitution of Bismuth (Bi 1-x RE x FeO 3 ) via the combinatorial thin film synthesis 3 allowed the fast investigation of the complete phase diagram of different solid solutions (RE:
Sm, Gd, Dy, La). [5, 6] Important piezoelectric properties were observed for some compositions (Sm, Gd) and were correlated to a morphotropic phase boundary (MPB) between a rhombohedral R3c (n°161) phase (low concentration of RE) and an orthorhombic Pnma (n°62) phase (high concentration of RE). [6] For instance MPB is observed at x c = 0.14 for Sm and x c decreases as the RE ionic radii decreases. Moreover for a limited range above x c =0.14 an electric field induced double loop hysteresis is observed. [6] Local ordering has also been detected using transmission electron microscopy (1/4{110} reflections) which closely resemble the antiferroelectric (AFE) PbZrO 3 state. [6] [7] The macroscopic state for this range of compositions still shows ferroelectric response and the AFE state seems to be limited to local regions. Similar to Sm, Dy and Gd substitutions, La induces a complex crossover (MPB) from a R3c symmetry to a Pnma symmetry but this is however not accompanied with giant piezoelectric responses. [6] The equivalent ionic radius between La and Bi and the absence of chemical pressure explain such a difference. [5] [6] [7] Note that the Bi electron lone pair is an important ingredient for appearance of the ferroelectric distortion and substitution by La somehow provokes ferroelectric "dilution". In analogy to lead based solid-solution such
MPBs in Bi 1-x RE x FeO 3 are believed to be a structural bridge between the R3c and the Pnma phases. The mechanism of polarisation rotation and adaptive phase are the two models put forward to explain the emergence of MPBs. [8] While polarization rotation might explain
MPBs in Ferroelectric-Ferroelectric (FE-FE) solid solution this is not the case for FE-AFE
solid-solution and the adaptive phase model with extreme shrinking of the domain sizes has been used to explain MBPs in Bi 1-x RE x FeO 3 . [8] A further development has been made after the discovery of an incommensurate structure by TEM investigations. [7] Flexoelectric interactions have been introduced to explain such modulated incommensurate structures and the decrease of domain wall energy (effective negative domain wall energy). [8] According to this model competing distortion and octahedral tilt ordering (a such as superconductor/ferromagnetic, relaxor/ferroelectric and paraelectric/ferroelectric. [9] [10] [11] [12] [13] [14] [15] [16] In particular polarization rotation has been observed along with a MPB in PbTiO 3 /CaTiO 3 superlattices. [16] In this work we have artificially introduced competition between R3c and structural behaviour that strongly depends on the composition and temperature. [17] Unfortunately the exact symmetry is not revealed for the region of the phase diagram at the boundary between the R3c Rhombohedral phase and the Pnma orthorhombic phase. [17] Maran et al. have also investigated superlattices with similar materials and found depending on the composition signs of an antiferroelectric-like state, incommensurate structures and the interesting possibility to tune the dielectric properties. [18, 19] The superlattices they have studied are based on pure BFO layers combined with layers of a (Bi,Sm)FeO 3 solid solution made by combinatorial deposition and it is difficult to disentangle the effects of the alloying from the superlattice ordering. [18, 19] We focus here on two sets of superlattices grown on cubic SrTiO 3 (100) and MgO(100) substrates of about 8-9nm periodicities and complement the investigations by using Raman spectroscopy and TEM investigations (see supporting information) that are of importance for the evolution of the lattice dynamics (phonons linked to polarization and rotation/tilt ordering) and the detection of local ordering (AFE nano domains, incommensurate structure and unit cell doubling). Structural competition at the 5 interfaces is probed via the synthesis of superlattices with varying ratio of BFO and LFO in the period ((BiFeO 3 ) (1-x) /(LaFeO 3 ) x with =8-9nm kept fixed and x varying from 0.25 to 0.8 with a total of 25 bilayers). For instance the superlattice BFO 0.5 /LFO 0.5 shows the same ratio of BFO and LFO in the period (same thickness of about 4-4.5nm half the wavelength/periodicity ; similar notation/terminology were used in references [10] [11] [12] [13] [14] [15] . The architectures of the two sets of SLs are given in the supporting information.
Results and discussions

Room temperature X-ray diffraction characterization
The superlattices have been characterized by in-situ reflection high energy electron diffraction (RHEED) and the streaks obtained on the diffraction patterns of all the superlattices indicate a smooth surface (see supporting information). Using the Bragg formula for SLs we have calculated an average out-of-plane lattice parameter for each superlattice from the 2 value of the most intense satellite peak. [9] [10] [11] [12] [13] [14] [15] These results are presented in Figure 1 and show a linear decrease of the average out-of-plane lattice parameter with increasing x. Such gradual behaviour has also been observed for out-of-plane lattice parameter of Bi 1-x La x FeO 3 single films. [5, 6] A pseudo-tetragonal structure on average is deduced for the LFO thin film ((204) and (024) RSMs are similar) while the relaxed BFO thin film symmetry is R3c bulk like (RSM not shown). Such behaviour in the LFO thin film has already been observed (90° twinning, fourfold in plane symmetry and out-of-plane epitaxial strain) and a similar microstructure is described elsewhere.
[21] Similar dense domains have also been observed at the MPB of (Bi,Sm)FeO 3 thin film solid-solution and have been correlated to a PbZrO 3 -like structure. [7] These modulated structures are indeed observed in PbZrO 3 relaxed thin films. [22] Adjacent layers in such dense lamellar structures oriented at 45° have been shown to be of opposite polarization. For the periodic 45° modulated structure a period of the bilayers of about 1.15nm is estimated from the cross section image (Figure 3 (b) ). These 45° nanoscale domains seem to appear only in the BFO layers. The period for the vertically dense lamellar modulated structure ( . [5, 6] No ¼{0k0} reflections are detected while a c o =4a pc is measured for some regions in the BFO layers (see Figure 3 (c) ). Such reflections are extremely weak in bulk BFO MPBs and this could explain their absence on the diffraction pattern. [24] While both 1/2{010} and 1/2{011} reflections are intense for the x=0.65 superlattice they are extremely weak for x=0.45. It is obviously connected with the smaller ratio of LFO in the period for x=0.45. This result shows that Pnma like ordering is nevertheless quite robust and still present for such thin LFO layers (about 3nm for the x=0.45 superlattice). On increasing LFO ratio to x=0.8, the 1/2{011} reflection is stronger but the intensity of 1/2{010} reflections decreases. Similar observations have been made from TEM investigations of Sm substituted BFO thin film and might be explained by twin variants of the orthorhombic Pnma structure. [7] No PbZrO 3 -like reflections are detected for the x=0.8 SL confirming the structural change suspected from the XRD results at x=0.65-0.7.
We believe therefore that the two kinds of domains presented in Figure 3 (b) and (c) [7, 26] Pnma like LFO unit cell dimension are often considering the strong tendency of the Bi to display polar ordering due to the electron lone pair. [27] Such antiferroelectric order cannot be explained by the nature of the epitaxial strain imposed on the BFO layers. Elastic interactions based on the difference of lattice parameters between LFO and BFO predict in plane compressive (resp. tensile) strain in BFO (resp. in LFO). Compressive strain does not solely explain the observed PbZrO 3 structure. Indeed for instance BFO adopts a monoclinic phase with a high tetragonal strain under a strong compressive strain (the so-called super-tetragonal phase). This is not what is observed in our SLs, so additional factors are necessary to explain the appearance of the PbZrO 3 -like structure.
Very recently considerations based on symmetry and octahedral tilt compatibilities at heterointerfaces have been used to better explain the structural behaviour of thin films and SLs based on complex oxides. [28] Therefore the driving force for the observed PbZrO 3 -like structure is more likely to be the octahedral tilt compatibility at the heterointerfaces and the system. The predicted orthorhombic Pmc2 1 in ultra short BiFeO 3 /LaFeO 3 superlattices and BFO thin film is also a candidate since it is characterized by the coexistence of polar and antiferroelectric distorsion. [29, 30] The observed PbZrO 3 structure is therefore not associated with alloying effects. Note that first principle theory predicts such complex tilt ordering and nanotwinned phases in BFO due to competing instabilities and the SLs have been shown to be an ideal platform for inducing new phases from interactions between different instabilities (antiferrodistortive versus ferroelectric ordering). [31, 32] Connections are possible with the model proposed by Tagantsev et al. to explain the antiferroelectric ordering in PbZrO 3 . [23] TEM refinement structure at the atomic scale would allow us to understand the interplay between polar displacement and octahedral tilt ordering at the heterointerfaces of the SLs. To gain a deeper understanding of the structure, these SLs have also been investigated by Raman spectroscopy. compared to the BFO or LFO Raman spectra suggesting a different tilt ordering for these SLs.
Raman spectroscopy investigation
Note that the Raman spectra of the SLs (0.3≤x ≤0.65) closely resemble the Raman spectra of the La doped BFO solid-solutions (x=0.2-0.5 Bi 1-x La x FeO 3 ) studied by Bielecki et al.. [20] The authors argue that a PbZrO 3 AFE-like state is present for the x=0.2-0.5 Bi 1-x La x FeO 3 composition. Note that the mode at 170cm -1 in bulk BFO overlap with the polar Bi ordering while the mode at 220cm -1 overlaps with the octahedral tilt degree of freedom. [33] Bielecki et al. use this last phonon to track the evolution of the tilt angle versus composition and the R3c versus Pnma phase stability. [20] This last phonon mode visible in the crossed polarization geometry ( Figure 5 bands. [20, 34] Strong damping and large bands also explain the impossibility to separate the different excitations and to identify the exact number of bands and phonon symmetries.
Similar Raman spectra and behaviour have also been observed for BFO under hydrostatic pressure. A change from rhombohedral like to orthorhombic like symmetries is inferred from X-ray diffraction and Raman spectroscopy under hydrostatic pressure and the Raman spectra at 4.1GPa is close to the one we observe for x below 0.65. [35] Such similarity is probably a signature of the orthorhombic symmetry and we mention in this context the theoretical investigation by Xue et al. on pressure induced Antiferroelectric like state in BFO based solid solution. [36] We must stress that care must be taken when comparing strain effects in thin films or multilayers with hydrostatic pressure investigations and magnitude of biaxial stress cannot be easily deduced from such comparison. Nevertheless Raman fingerprints of competing phases were detected by Guennou et al. and our Raman spectroscopy investigation combined with the TEM studies also indicates a complex nanoscale mixture. [35] Raman spectroscopy also revealed an electron-phonon and resonant like excitation in the superlattices at about 620 cm -1 . The progressive change from a BFO like state to a LFO like state is also clear from this strong phonon mode. This excitation probably corresponds to a doublet and is absent in the BFO thin film Raman spectra. An asymmetric peak is, however, observed in LFO at the same frequency. The origin of this excitation is not clear and two explanations are proposed and connected to local disorder: a Fröhlich activated Raman forbidden longitudinal modes and a disorder activated spin wave. [20, 37] This last interpretation has been done on the basis of a spin wave dispersion investigation and the energy measured at the zone boundary.
The combination and overtone of this strong and resonant like first order phonon modes gives rise to the second order Raman spectra visible at about 1200-1300cm -1 . We also clearly see in this second order scattering a progressive change from a BFO-like to a LFO-like excitations, with LFO second order excitations lying at higher frequencies compared to BFO. A complex mixture of two-modes is observed at intermediate compositions.
Temperature dependent X-ray diffraction and phase diagram
To study the relative phase stability and structural phase transitions in the SLs we performed x-ray diffraction measurements at different temperatures in the range of 25-625°C.
Lattice parameters versus temperature of the substrates were systematically calculated and the expected thermal dilatation were observed for all samples investigated (not shown). For the set of SLs deposited on STO the LSCO buffer layers do not show any structural anomalies on heating and only a linear thermal dilatation is detected.
Average out-of-plane lattice parameters from room temperature to high temperature are shown in Figure 6 better evidence the distortion due to the polar ordering below the critical temperature.
[38] to LFO-like (Pnma) transformation for low x. Finally an anomaly is observed at about 180°C (T*) that is independent of the BFO thickness and for both set of SLs deposited on MgO and STO substrates. Such T* independent of the strain have been detected in BFO thin films and bulk materials and seems to involve Fe-O bond length changes. [39] [40] [41] In bulk it has been attributed to surface transition (within a few nm) and proximity of the Neel temperature (267°C and 367°C for BFO and LFO respectively in bulk) may explain its origin. The anomalies observed at high temperature could be interpreted as a change of orientation or structural domains in the SLs and in order to rule out such possibilities we performed reciprocal space mapping at different temperatures. (Figure 8) . [17] Results obtained from Raman spectroscopy also rules out a structural phase transition down to 90K for the SLs deposited on MgO with a high ratio of LFO. from the DyScO 3 substrate of the oxygen octahedral rotation/tilt system is also a key factor that must be taken into account to interpret the differences with the SLs deposited on cubic substrates. Since the anti-polar domain sizes (~1.15nm from TEM) do not scale with the BFO thickness we do not consider electrostatic effect as the primary driving force of this antiferroelectric order. [42] We are currently looking to investigate and understand the magnetic (magnetoelectric) behavior of such multiferroic SLs.
Conclusion
BFO/LFO superlattices have been grown and studied in order to better understand the structural interaction at the origin of the MPBs between the R3c rhombohedral state and the Pnma orthorhombic state. Such MPBs are believed to be due to competing distortion and octahedral tilt degrees of freedom. Our SL investigations reveal a nanoscale mixture that depends strongly on the BFO thickness (PbZrO 3 like versus Pnma like state). A PbZrO 3
antiferroelectric-like state in BFO and a peculiar domain state is revealed using a combination of XRD, TEM and Raman spectroscopy investigations. Octahedral tilt compatibility at the interfaces and off-centric Bi tendency probably explain the observed nanoscale modulated structure on the SLs deposited on cubic substrates. A temperature dependent x-ray diffraction study showed an important tuning of the antiferroelectric to paraelectric phase transition.
Thermal stability of the antiferroelectric state is strongly sensitive to the strain and complex interplay between octahedral tilt and anti-polar Bi ordering may explain such behavior. A phase diagram is proposed and differs with previous reports on DyScO 3 substrates. The nature of the substrates (cubic versus orthorhombic) and structural imprint of the oxygen rotation/tilt system probably explain such differences. A variety of remarkable properties (piezoelectric and magnetoelectric) is expected for the MPB like state and is the subject of future investigations.
Experimental Section
BFO/LFO superlattices were grown on buffered (001) oriented MgO and SrTiO 3
substrates by pulsed laser deposition (MECA2000 chamber) using a KrF laser (248nm) at a 4Hz repetition rate. Both BFO and LFO were grown under 7. Structural characterizations of the multilayers were performed using a high-resolution 4-circles diffractometer with a Cu K 1 parallel beam (Bruker Discover D8). Transmission electron microscopy (TEM) was performed using an S-TWIN FEI TECNAI F20 microscope on cross sections of samples prepared using a focused ion beam (FIB) technique. Prior to the FIB process a protecting platinum layer was deposited on the sample to avoid damages and amorphization of the SLs. Raman measurements were performed using the 514. 
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